Context. The 11-yr cycle is the best known manifestation of the Sun's activity. While chromospheric cycles have been studied in a number of solar-like stars, very little is known about how these are reflected in the cyclical behavior of the coronal X-ray emission in stars other than the Sun. Aims. Our long-term XMM-Newton program of long-term monitoring of a solar-like star with a well-studied chromospheric cycle, HD 81809 aims to study whether an X-ray cycle is present, along with studying its characteristics and its relation to the chromospheric cycle. Methods. Regular observations of HD 81809 were performed with XMM-Newton, spaced by 6 months from 2001 to 2007. We studied the variations in the resulting coronal luminosity and temperature, and compared them with the chromospheric Ca ii variations. We also modeled the observations in terms of a mixture of active regions, using a methodology originally developed to study the solar corona. Results. Our observations show a well-defined cycle with an amplitude exceeding 1 dex and an average luminosity approximately one order of magnitude higher than in the Sun. The behavior of the corona of HD 81809 can be modeled well in terms of varying coverage of solar-like active regions, with a larger coverage than for the Sun, showing it to be compatible with a simple extension of the solar case.
Introduction
Cyclic modulation in the activity level appears to be relatively common among solar-type stars. The best known and studied example is of course the Sun itself, for which the 11-yr cycle was noticed in the form of periodic modulation of the sunspot number already in the mid 19th century. Most activity indicators follow similar cyclical variations (although the study of the Sun's magnetic field shows the true cycle to be 22 yr, with the field polarity reversing each cycle), with the amplitude of the modulation depending strongly on the indicator used. The pioneering and persistent work of O. Wilson allowed the detection of chromospheric activity cycles on stars other than the Sun, as amply discussed by .
Chromospheric activity cycles appear to be relatively common in intermediate-activity solar type stars, while less active stars are often found in "Maunder minimum"-like states, i.e. showing very little long-term variability . The most active stars appear dominated by irregular variability
Send offprint requests to: F. Favata rather than by cyclic behavior. It is, however, not clear if the "Maunder minimum like" stars, as well as the Sun itself during the Maunder mininimum, are magnetically less active than the modern solar minimum seems to be, even though they show no HK cycle . The present-day Sun has a typical chromospheric modulation amplitude, along the 11-yr cycle, of about a factor of 2 (as measured in the S index).
Evidence of cyclical variations in the coronal emission of stars other than the Sun has so far been elusive. In the Sun the X-ray luminosity follows a cycle with the same periodicity as the chromospheric cycle, but with a much larger amplitude, up to a factor of 100 in the Yohkoh 0.73-2.5 keV band . Stars with a high activity level, which have been the typical target of X-ray observations, show modest amounts of long-term variability, with no evidence of a cyclic behavior, as for example reviewed by , and as confirmed from a statistical analysis of the ROSAT All Sky Survey data by . Evidence of longterm X-ray variability with amplitude of a factor of 2.5, and correlated with the chromospheric S index, was reported by in 61 Cyg A and B (K5V and K7V) spanning 4.5 years of ROSAT HRI data, suggestive of an activity cycle in X-rays. Some weak statistical evidence of solarlike cycles in lower-activity stars was previously reported by using the RASS observations of the stars with known chromospheric cycles.
To study whether cyclical, high-amplitude variability of the coronal emission is also present on stars other than the Sun, three stellar systems have been monitored since the beginning of the XMM-Newton observatory. With a homogeneous temporal basis of almost 7 years, they represent the best available data set for the study of long-term variability and cycle in stars. The three systems monitored are HD 81809 (discussed in the present paper), α Cen ) and 61 Cyg . Of the three, HD 81809 is the one with the longest available observational baseline and the one which shows the clearest evidence to date of a cyclical behavior.
The initial results of the observations of HD 81809 were presented by (Paper I) . High amplitude variability was evident in the data from 2001 to 2003 discussed in Paper I, with some coherence with the known chromospheric cycle of this star. However, no evidence of a coherent minimum was present in the data up to 2003, which made it impossible to distinguish a cyclic behavior from a simpler long-term trend in the star's activity level; the short data set was therefore completely inadequate for any study of the relation between the chromospheric and coronal activity variations. In this paper we present the results from all available observations, spanning 2001 to 2007, from which the cyclical behavior of the star's corona is evident with little if any remaining ambiguity.
Characteristics of HD 81809
While considered in the past as a candidate solar twin, HD 81809 is in fact a close visual binary with a separation at apoastron of about 0.4 arcsec and a period of about 35 yr . The masses of the two components are M 1 = 1.7±0.64 M ⊙ and M 2 = 1.0±0.25 M ⊙ , with spectral types G2 and G9 and apparent magnitudes V 1 = 5.8 and V 2 = 6.8 respectively. Both components are slow rotators, with v sin i = 3 km/s . More details regarding the characteristics of our star can be found in Paper I. HD 81809 has more recently been included in the high resolution spectroscopic survey of , who determined a photospheric Fe abundance of [Fe/H] = −0.34.
The binary nature of HD 81809 does not appear to be a problem for our study, as the very well defined chromospheric cycle reported by shows that the activityrelated emission is most likely dominated by one of the two components. Also, the large physical separation of the two stars makes this a non-interacting system as also shown by the low rotational velocity mentioned above.
HD 81809 is one of the stars in the Mt. Wilson program showing a very clear cyclic behavior with high consistency from one cycle to the other. The chromospheric cycle of HD 81809 appears rather similar to the Sun's but with a shorter period of 8.2 yr. The available Mt. Wilson S index observations are plotted in Fig. 1 . The binary is not resolved, either in the Mt. Wilson data nor in the X-ray observations described below.
Observations
To sample the cyclic behavior of HD 81809, and considering the chromospheric cycle duration of 8.2 years, we have adopted a strategy based on two observations per year, spaced by 6 months. Given the visibility constraints of the XMMNewton observatory, the observations are executed each year in the Spring and in the Fall (typically in April-May-June and September-October-November). The observations were executed regularly starting in April 2001, with the exception of the Spring 2006 season, in which a technical problem with the scheduling of XMM-Newton prevented the observation from being carried out. The length of the observation has been adapted along the program to track the large variation in luminosity shown by the target. Observations up to May 2003 were taken with the medium filter, while the later ones are taken with the thick filter due to a policy change of the observatory.
In addition to the Mt. Wilson data, the Solar-Stellar Spectrograph (SSS) program at Lowell Observatory (Hall & Lockwood 1995) [2005] [2006] [2007] . In the following, for our comparison between the coronal and chromospheric variability of HD 81809 we use this data which has a full temporal overlap with our XMM-Newton monitoring program.
The X-ray data presented in this paper have been processed homogeneously using the SAS package. A consistent approach has been adopted in which high background time intervals are first removed from the observation, and then light curves and spectra are extracted. The pn and MOS spectra are simultaneously fit, using xspec, with a single temperature optically thin plasma model (apec). The metal abundance has been frozen at Z = 0.3 Z ⊙ , to reduce the number of free parameters and allow a consistent comparison among the different data sets. The interstellar absorption from the fit is consistent with a zero value.
All observations (with the exception of the June 2002 data set) are well fit with a single-temperature model, with a modest range in best-fit temperature which is however well correlated with the star's X-ray luminosity. To allow a homogeneous analysis of all data sets, a one-temperature fit has been imposed also to the June 2002 data, even though the χ 2 of the fit yields a very low probability.
For all observations X-ray luminosities were computed in two bands: a ROSAT-like 0.2-2.5 keV band and for a Yohkohlike 0.73-3.5 keV band. The resulting spectral parameters for the complete observation timeline are reported in Table 1 , and a long-term light curve of the X-ray luminosity of HD 81809 is plotted (together with the S index) in Fig. 2 . None of the observations (with the exception of the June 2002 data point, discussed below) shows visible short-term variability, and each shows a flat light curve.
The observation of June 2002 is discussed in detail in Paper I. Briefly, although the light curve (which however only spans approximately two hours) shows no evidence of flare-like variability, the spectral characteristics, with a second temperature component at T 2 = 1.3 keV and comparable emission measure, suggest a period of enhanced, flare-like activity which drives the X-ray luminosity above the average value for the season. Also, significant short-term variability is present in the June 2002 observation (as e.g. evident from Fig. 3 of Paper I), with amplitude of about 30% in the approximately 2 hours spanned by the observation, indicative of a period of high activity.
As evident from Fig. 2 , the first data point (of April 2001) is affected by a much larger uncertainty than the other points. The reason for this (again discussed in detail in Paper I) is a much higher background level across the complete observation, which, coupled with the short duration of the observation, resulted in a high noise level which could not be filtered out.
Discussion
The available long baseline of X-ray observations of HD 81809 for the first time allows us to state that HD 81809 shows long-term X-ray variability consistent with its regular chromospheric activity cycle. and the maximum amplitude observed, if one ignores the apparently anomalous June 2002 observation, is about a factor of 6. If one includes the June 2002 observation, the peak-to-peak variability amplitude is about a factor of 10 in the ROSAT band and a factor of about 100 in the Yohkoh-like band.
The coherent behavior of the observed variability clearly shows that one is not in the presence of high-amplitude stochastic variability but rather of a coherent variation in the coronal state of the star, with a time scale of several years, and with an amplitude not dissimilar to the cycle observed in the Sun.
The duration of the chromospheric cycle is well established at 8.2 years. Our X-ray data do not (yet) cover this time span, and therefore we have not yet sampled a complete cycle. The X-ray data points in Fig. 2 may give the visual impression of a complete cycle, of a shorter duration, having been covered. However, it is likely that the maximum around 2001 and 2002 has not been properly sampled by our observations: the first point in April 2001 is affected by strong background, and the June 2002 point is likely affected by enhanced, flaringlike activity, resulting in an apparently very sharp maximum which is likely not real. In the Sun the maximum is normally rather broad and lasts a couple of years, and significant rotational modulation of the X-ray luminosity is present at solar maximum (with an amplitude up to 20% the total cycle amplitude), so that our single sample around the cycle maximum for HD 81809 may be affected by rotation-induced variability. On the other hand the minimum of the cycle is well sampled, and appears broad, with a duration of about 1.5-2 years. A further indication of the fact that the June 2002 point is unlikely to be the true X-ray cycle maximum is the apparent shift between the coronal and chromospheric maximum, as opposed to a good correlation between the chromospheric and coronal minima. Based on both the observed chromospheric and coronal light curves, the maximum is expected in the next two years. To properly sample the period of maximum coronal activity, and to disentangle the short-term variability which is more likely to be present in periods of enhanced activity, we plan to ask for a more frequent monitoring of the star in upcoming XMMNewton announcements of opportunity.
A solar-like cycle?
HD 81809 is not a strict solar twin, as it is somewhat more massive (M = 1.7 M ⊙ ) and more evolved, with a radius of R ≃ 3R ⊙ . It is also a member of a binary system, with smaller, less massive secondary component. However, the coherent, cyclic variability observed shows that the activity of the system is dominated by only one component in the system, which allows us to ignore the other component for the purpose of the present discussion. We assume in the following that the more massive, larger primary dominates the X-ray activity from HD 81809, an assumption which will be justified a posteriori as the solarradius secondary is too small to justify the observed levels of activity with solar-like active regions and filling factors smaller than 1.
The X-ray luminosity of HD 81809 is higher than the Sun's by about 1.5 orders of magnitude. If one however considers the surface flux (assuming that the X-ray emission is dominated by the brighter component in the binary) the overlap with the Sun is large, with maximum flux values (again not considering the June 2002 observation) slightly above the solar ones and minima about mid-way between the solar maximum and minimum values, as shown in Fig. 3 .
To study whether indeed the cycle observed on HD 81809 can be explained in terms of a solar-like behavior we have ap- plied the methodology developed in the context of the study of the "Sun as a star" . As shown by from the analysis of a sample of data collected with the Soft X-ray Telescope (SXT; on board the Yohkoh satellite, the evolution of the coronal X-ray luminosity and temperature along the solar cycle can be explained in terms of varying coverage of quiet background regions (QR), active regions (AR) and cores of active regions (CO), the latter being hotter and brighter than the other components of the non-flaring corona. We have assumed, in our simulation, a minimum radius for the active component (the primary) of HD 81809 of 2 R ⊙ , as this is the more "challenging" case (the smaller the star, the higher the filling factors necessary to reproduce the observed level of emission). Therefore the nominal filling factors reported in the following for the various types of coronal structures are to be intended as upper limits to the actual values. In a number of cases we also report the relevant values for the nominal radius of the star R = 3 R ⊙ .
The observed temperature and luminosity distribution of the solar corona at minimum can be explained with a surface coverage of AR of about 0.3%, with no CO present. At solar maximum, the observed emission can be typically explained by a surface coverage by AR of about 50% and a further approximately 1% of CO. We have explored whether the variability observed for HD 81809 along the cycle can be explained by a mixture of the same ingredients as in the Sun but in different proportions. To this end, we have considered the contribution of AR and CO to the luminosity and the spectrum of the Sun in the X-ray band as derived by , studying the long term evolution of a solar active region observed with Yohkoh/SXT from its emergence (July 5, 1996) to the decay phase (end of October 1996). Since the contribution of CO to the X-ray spectrum changes significantly during the active region evolution 1 , we have considered the CO during its early evolutionary phase, few days after the emergence of the active region.
Then, by simply assuming a permanent coverage of AR with a surface filling factor of about 60% (27% for R = 3 R ⊙ ) and a varying coverage of CO, ranging from about 4% at the cycle minimum to about 40% at the cycle maximum (18% for R = 3 R ⊙ ), we have synthesized the corresponding XMMNewton spectra and reproduced rather accurately the observed range of variations of HD 81809 in terms of both the Xray temperature and the luminosity. This is shown in Fig. 4 , which shows the observed range of variation in coronal luminosity and temperature for both the Sun (data adapted from and HD 81809 along their cycle, together with the synthetic values for HD 81809 obtained with the above approach. Table 2 reports the resulting spectral parameters for the synthetic spectra of HD 81809. Fig. 4 shows that while HD 81809 is more active, its cyclic behavior lies, in the temperature-luminosity plane, along an extension of the locus occupied by the Sun, and that therefore the phenomenology observed is compatible with being a simple extension of the solar case to a higher activity level. In the case of the Sun, the X-ray variability observed along the cycle is mainly due to the coverage of active regions, whereas the contribution from active region cores is mostly negligible. Our modeling shows that, in the case of HD 81809 the variability along the cycle is caused by the active region cores, which at the maximum of activity for HD 81809 cover almost half of the star. Fig. 5 shows the modeled distributions of emission measure vs. temperature, EM(T ) at the maximum and minimum of the cycle. Note that the contribution from AR to the EM(T ) 1 In particular, have found that the core of active region AR 7978 is characterized by an average temperature which varies from ≈ 6×10 6 K during the emergence of the active region (July 5-13, 1996) to ≈ 2 × 10 6 K at the end of the core evolution circa one month later. distribution (and to the synthetic X-ray spectrum) is important close to the minimum of the cycle when it is comparable to the contribution from CO. On the other hand, Fig. 5 shows that the EM(T ) distribution is largely dominated by CO at the maximum of the cycle, whereas the contribution from AR is negligible and the amount of their surface filling factor cannot be univocally determined. Also in the temperature-luminosity diagram the June 2002 point is an outlier, being well separated from the cloud of values which represent the variability of HD 81809 along the cycle, and therefore likely to be a separate, flare-like phenomenon. This hypothesis is supported by the fact that adding the contribution of a very intense solar flare (a GOES class X9 flare observed with Yohkoh/SXT on November 2, 1992) close to the flare maximum to the synthetic X-ray spectra of HD 81809 at the maximum of its cycle, the synthetic values of X-ray luminosity and average coronal temperature reproduced are close to those observed (see crossed square in Fig. 4) .
The filling factors for the AR and the CO required to explain the observed variability along the HD 81809 cycle are large, but not unrealistic: the AR coverage is the same as the one observed in the Sun at the cycle maximum, while the CO coverage at maximum, while much higher than the one observed in the Sun, is still plausible.
Conclusions
We have presented the results from the first 7 years of monitoring of the solar-like star HD 81809 (a solar-type star with a well defined cycle in its chromospheric activity) with XMMNewton, showing strong evidence of cyclic variability with an amplitude of at least 6 in the ROSAT 0.2-2.5 keV band (and even more considering the outlier observed in June 2002). Our long-term XMM-Newton program has therefore for the first time resulted in the clear detection of a coronal cycle in a star other than the Sun.
Our observations have however not yet covered a full period of the observed chromospheric cycle. The coverage at the cycle maximum is scarce, and it may be affected by variability of the X-ray emission induced by rotational modulation, so that the single data point does not yet allow us to understand what is the duration of the maximum phase, and to which level is the stochastic variability enhanced with respect to the other phases. The minimum is on the other hand well covered, and it shows a very low level of stochastic variability both in terms of luminosity (a factor < 2) and temperature, similar to what is observed in the Sun at the minimum.
At the maximum of activity, our simulations show that the EM(T ) distribution is dominated by CO (see Fig. 5 ) which determine the values of average temperature and emission measure reported in Fig. 4 , whereas the contribution from AR to the total coronal emission is negligible. At the maximum, therefore, only the contribution from CO can be univocally determined, whereas for the AR the quoted value of 60% is in fact an upper limit to their contribution. When the star is at the minimum of the cycle, the contributions of CO and AR to the EM(T ) are comparable; changing their relative weight leads to a rapid change in the average temperature. In this case, therefore, the contributions of CO and AR are reasonably constrained: a doubling of the contribution of CO from 4% to 8% would lead to an increase in the X-ray luminosity of about 40%.
Therefore, even if the absolute activity level of HD 81809 at its minimum is much higher than the Sun at minimum, its behavior is very similar. This is somewhat remarkable in that our model shows that a significant fraction of HD 81809 at minimum is covered by active regions, unlike the Sun which at minimum is dominated by coronal holes. In the future we plan to study in detail the upcoming maximum, with more frequent observations, to decouple the effect of stochastic variability and of rotational modulation of the X-ray emission.
HD 81809 is the subject of a long-term monitoring program performed with the XMM-Newton observatory (which also includes α Cen and 61 Cyg). Two more years of observations (at six months cadence) are already planned on the same target, and we plan to re-propose the target in future XMM-Newton AOs, to ensure the continuous monitoring. The continuation of the present program will allow us to shed new light on a very basic phenomenon of the Sun, its activity cycles, by studying how similar, somewhat more active stars behave. The X-ray cycle in the solar-type star HD 81809 XMM-Newton observations and implications for the coronal structure 1. Introduction Cyclic modulation in the activity level appears to be relatively common among solar-type stars. The best known and studied example is of course the Sun itself, for which the 11-yr cycle was noticed in the form of periodic modulation of the sunspot number already in the mid 19th century. Most activity indicators follow similar cyclical variations (although the study of the Sun's magnetic field shows the true cycle to be 22 yr, with the field polarity reversing each cycle), with the amplitude of the modulation depending strongly on the indicator used. The pioneering and persistent work of O. Wilson allowed the detection of chromospheric activity cycles on stars other than the Sun, as amply discussed by .
Chromospheric activity cycles appear to be relatively common in intermediate-activity solar type stars, while less active stars are often found in "Maunder minimum"-like states, i.e. showing very little long-term variability (Baliunas et al., 1995) . The most active stars appear dominated by irregular variability Send offprint requests to: F. Favata rather than by cyclic behavior. It is, however, not clear if the "Maunder minimum like" stars, as well as the Sun itself during the Maunder mininimum, are magnetically less active than the modern solar minimum seems to be, even though they show no HK cycle . The present-day Sun has a typical chromospheric modulation amplitude, along the 11-yr cycle, of about a factor of 2 (as measured in the S index).
To study whether cyclical, high-amplitude variability of the coronal emission is also present on stars other than the Sun, three stellar systems have been monitored since the beginning of the XMM-Newton observatory. With a homogeneous temporal basis of almost 7 years, they represent the best available data set for the study of long-term variability and cycle in stars. The three systems monitored are HD 81809 (discussed in the present paper), α Cen and 61 Cyg . Of the three, HD 81809 is the one with the longest available observational baseline and the one which shows the clearest evidence to date of a cyclical behavior.
The initial results of the observations of HD 81809 were presented by (Paper I). High amplitude variability was evident in the data from 2001 to 2003 discussed in Paper I, with some coherence with the known chromospheric cycle of this star. However, no evidence of a coherent minimum was present in the data up to 2003, which made it impossible to distinguish a cyclic behavior from a simpler long-term trend in the star's activity level; the short data set was therefore completely inadequate for any study of the relation between the chromospheric and coronal activity variations. In this paper we present the results from all available observations, spanning 2001 to 2007, from which the cyclical behavior of the star's corona is evident with little if any remaining ambiguity.
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HD 81809 are plotted in Fig. 1 . The binary is not resolved, either in the Mt. Wilson data nor in the X-ray observations described below.
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To sample the cyclic behavior of HD 81809, and considering the chromospheric cycle duration of 8.2 years, we have adopted a strategy based on two observations per year, spaced by 6 months. Given the visibility constraints of the XMMNewton observatory, the observations are executed each year in the Spring and in the Fall (typically in April-May-June and September-October-November). The X-ray data presented in this paper have been processed homogeneously using the SAS package. A consistent approach has been adopted in which high background time intervals are first removed from the observation, and then light curves and spectra are extracted. The pn and MOS spectra are simultaneously fit, using xspec, with a single temperature optically thin plasma model (apec). The metal abundance has been frozen at Z = 0.3 Z ⊙ , to reduce the number of free parameters and allow a consistent comparison among the different data sets. The interstellar absorption from the fit is consistent with a zero value.
Discussion
A solar-like cycle?
The observed temperature and luminosity distribution of the solar corona at minimum can be explained with a surface coverage of AR of about 0.3%, with no CO present. At solar maximum, the observed emission can be typically explained by a surface coverage by AR of about 50% and a further approximately 1% of CO. We have explored whether the variability observed for HD 81809 along the cycle can be explained by a mixture of the same ingredients as in the Sun but in different proportions. To this end, we have considered the contribution of AR and CO to the luminosity and the spectrum of the Sun in the X-ray band as derived by , studying the long term evolution of a solar active region observed with Yohkoh/SXT from its emergence (July 5, 1996) to the decay phase (end of October 1996) . Since the contribution of CO to the X-ray spectrum changes significantly during the active region evolution 1 , we have considered the CO during its early evolutionary phase, few days after the emergence of the active region.
Conclusions
HD 81809 is the subject of a long-term monitoring program performed with the XMM-Newton observatory (which also includes α Cen and 61 Cyg). Two more years of observations (at six months cadence) are already planned on the same target, and we plan to re-propose the target in future XMM-Newton AOs, to ensure the continuous monitoring. The continuation of the present program will allow us to shed new light on a very basic phenomenon of the Sun, its activity cycles, by studying how similar, somewhat more active stars behave.
